Abstract We compared the responses of finger blood flow to local and/or whole body warming, as measured by laser Doppler flowmetry (PERIFLUX PF-ld) (LDF), and by venous occlusion plethysmography (BF). The subject's hands were immersed in a bath of water whose temperature (TW) was initially set at 25°C. The tested hand was kept at about 10 cm above heart level to facilitate the drainage of finger veins during measurement. The ambient temperature (Ta) was initially 20 C. Then, measurements were made under the following conditions on separate days: 1) local hand warming ony (LHW), Tw was raised from 25 to 40°C; 2) whole body warming only (WBW), Ta was raised from 20 to 35°C; and 3) LHW and WBW combined (CW), LHW (TW was raised to 35°C and maintained) was followed by WBW. Results showed that both LHW and WBW increased LDF and BF. LDF signals correlated significantly with BF values in each condition (r = 0.932-0.955). However, the slope of the line showing the relationship of LDF and BF, determined by least squares linear regression analysis, was steeper in LHW than in WBW. In CW, the slope showed a bend, creating two different sections in the relationship. Below the bend the relation was steeper and showed a similar slope as that in LHW; above the bend, the relation was more gradual and a similar slope as that in WBW. No such bend was observed in measurements of the forearm skin in CW. The present results suggest that partitional measurements of circulation between AVA's and superficial vessels can be made in the finger by the simultaneous use of laser Doppler flowmetry and venous occlusion plethysmography. Local warming of the hand increases finger blood flow mainly through capillaries and subpapillary vessels and indirect whole body warming increases finger blood flow predominantly through deeply located vessels, presumably including AVA's. 
It has been concluded (HALES, 1983 ) that skin arteriovenous anastomoses (AVA's) are controlled by specific thermoregulatory reflexes, whereas capillary flow is affected primarily by local temperature effects. However, this conclusion relies entirely on nonhuman animal models (HALES, 1983; HALES et al., 1978a, b) rather than direct estimates of skin AVA opening through body warming (SHEPHERD, 1963; HEISTAD and ABBOUD, 1974) . Recently, a noninvasive technique laser Doppler flowmetry was introduced for the measurement of superficial capillary flow of the tissues (HOLLOWAY and WATKINS, 1977; OBERG et al., 1979; NILSSON et al., 1980) . In countrast, the classically consistent technique of venous occlusion plethysmography measures blood flow changes through both superficial and deeper vessels of the finger such as AVA's. Accordingly, the objective of the present study was to measure simultaneously finger blood flow differences between AVA's and capillaries of the human finger during local and/or indirect whole body warmings, using laser Doppler flowmetry and venous occlusion plethysmography.
METHODS
A total of five male subjects, 30-54 years of age, volunteered as subjects. Each subject, wearing only shorts in a climatic chamber whose temperature ( T,) was kept at 20°C, sat in a reclining chair with his forearm of the tested side extended and supported at shoulder level. The tested hand was immersed in a bath of water whose temperature (T) was regulated at 25 C. The level of the hand was about 10 cm above the heart to facilitate the drainage of finger veins between blood flow measurements.
After a rest period of at least 30 min, blood flow responses of the finger to local and/or indirect whole body warmings were measured with laser Doppler flowmetry (PERIFLUX PF-ld, Perimed KB, Stockholm) and venous occlusion plethysmography, using temperature-compensated mercury-in-Silastic strain gauges. A laser Doppler flow-probe was fixed on the glabrous side of the third finger, about 3 cm proximal to the finger tip. The PERIFLUX laser Doppler apparatus had a 2 mW helium-neon laser and emitted monochromatic light at a wavelength of 632.8 nm. The light was delivered to the skin via a flexible optic fiber probe. The distance between the skin and the probe surface was maintained at 0.5 mm with a probe holder. The light scattered back from the moving erythrocytes underwent frequency shift (Doppler effect), and the backscattered light, both Doppler-shifted and unshifted, was led by two optic fibers to two photodetectors. The optic signal from the laser Doppler flowmeter was recorded on a potentiometer (SP-H6P, Riken Denshi, Tokyo). Laser Doppler outputs were sampled every 10 s by a digitizer and a laboratory computer, and values were converted to 30-s averages for each subject. A strain gauge was wound around the middle finger, with a venous occlusion cuff at the base. During session measurements, the cuff was inflated to 65 mmHg every 30s. The strain gauge for temperature compensation was fixed on the index finger.
The experiments were carried out under the following three conditions on separate days: 1) local hand warming only (LHW), Tw was raised from 25 to 40` C while Ta was maintained at 20 C; 2) whole body warming only (WBW), T, was raised from 20 to 35°C while T was maintained at 25 C; and 3) LHW and WBW combined (CW), LHW was followed by WBW. In this condition T w was raised to 35°C and maintained. The rates of increase in TW and Ta were about 0.75 and about 2°C/min, respectively. In two subjects, forearm skin blood flow was further measured with the same methods in a CW condition only. The subject's tested forearm and hand were immersed in a bath of water. The rate of increase in TW was about 0.42 C/min. The forearm was kept at heart level by adjusting the height of a wire-mesh support inside the bath. Blood flow was measured every 30s. Before each measurement of forearm skin blood flow the wrist cuff was inflated to 200 mmHg to obstruct the return of blood from the hand; the cuff at the upper arm was then inflated to 65 mmHg. The laser Doppler flow-probe was fixed on the forearm skin next to the strain gauge avoiding the cutaneous veins underneath.
The relationship of laser Doppler output to blood flow measured by venous occlusion plethysmography was obtained for each individual experiment by the least squares linear regression analysis. Then the regression lines showing the relationship were calculated from each mean value, while the statistical significance of the regression coefficient obtained from the mean values was obtained by F -test. Figure 1 shows an example of simultaneous measurements of finger blood flows with venous occlusion plethysmography (BF) and with laser Doppler flowmetry (LDF) in a CW condition. Before local warming of the hand, LDF and BF remained at lower levels. When T was switched to a higher set temperature, both LDF and BF increased. However, the rate of increase of LDF was higher than that of BF. At T of 35 C, LDF reached a maximal level, while BF remained at rather lower levels. When T was switched to a higher set temperature, BF increased sharply and reached a maximal level at T, of 35 C. No further increase in LDF was observed at T, of 35 C. Figure 2 shows the relationship of LDF to BF in one subject in the three conditions. In LHW or WBW, the relationships corresponded to single regression lines. In each condition, LDF signals were closely correlated with BF values (r=0.932-0.955). However, the slope of the regression line was steeper in LHW (33.4 mV ml -1 100 ml • min) than in WBW (11.8 mV • m11 -.100 ml min). In CW, the slope showed a bend at the time of change in Ta, in effect creating two different sections of the relationship. Below the bend, the slope of the regression line showing the relationship was steeper (38.9 mV ml-1 100 ml • min), and above the bend the slope was more gradual (11.2 mV ml -100 ml • min). The other four subjects showed similar results in the relationships of finger LDF to BF.
RESULTS
In the forearm skin, the relationship of LDF to BF did not show such a bend, T. NAGASAKA, K. HIRATA, and T. NUNOMURA but a similar regression, even in CW condition (Fig. 3) .
DISCUSSION
It has been recently shown that laser Doppler flowmetry is particularly appropriate for the study of local skin vasomotor responses in humans (HOLLOWAY and WATKINS, 1977; LOW et al., 1983; SUNDBERG, 1984; HASSAN et a!., 1986; SLAM and WALLIN, 1987) . This laser Doppler flowmetry has been shown to correlate well with many of the conventional methods used to assess peripheral blood flow (STERN et al., 1977 (STERN et al., , 1979 ENGELHART and KRISTENSEN,1983; LARRABEE et a!.,1983; SMITs et a!., 1986) . However, we have observed previously that local heating of the hand from 37 to 41 ~C in a warm environment caused a reduction of finger blood flow when measured by venous occlusion plethysmography and, in contrast, a continued increase of finger blood flow when measured by laser Doppler flowmetry (PERIFLUX PF-ld) (NAGASAKA et a!., 1987) . Thus the pattern of blood flow changes in the human finger in response to local heating moved in opposite directions, as measured by laser Doppler flowmetry and venous occlusion plethysmography. The reason for this discrepancy is still unclear, but it could be due to different techniques detecting different responses of the vascular compartments.
In this study, LDF signals were calibrated with BF values recorded by venous The levels of LDF signals above the bend of the line in CW condition was far less than the maximum LDF output under LHW condition. Thus the shift of the regression line from a steeper line to a more gradual one after changing the method of thermal stimulation cannot be explained by the saturation of LDF output at higher finger blood flow. In the forearm skin, the relationship of LDF to BF remained consistent over a wide range of blood flow and no such bend of the relationship was observed, even when the subject was exposed to the combined thermal stimulations. This may be due to the lack of vascular compartments such as AVA's to respond to indirect body warming in the forearm skin (CLARA, 1956) .
Using radioactive microspheres, HALES (1983) and HALES et al. (1978b) have shown that, in animals, warming the hypothalamus, spinal cord, or an area of skin distal to that in which the blood flow is being measured evokes dilatation of skin AVA's, while capillary flow remains essentially unchanged. In contrast, direct skin Fig. 3 . Relationship of laser Doppler output to blood flow measured by venous occlusion plethysmography in the forearm skin during CW condition in one subject. The relationship did not show a bend and corresponded to a single regression line.
• at rest and during LHW, A during WBW. The forearm was immersed in a water bath whose temperature was raised from 25 to 35 GC and maintained, then Ta was raised from 20 to 35 C. warming increased capillary blood flow without an appreciable increase in AVA flow. That is, the skin blood flow passes mainly through AVA's when the response is reflexly evoked. CRONENWETT et al. (1983) have reported that, in dogs, elimination of the adrenergic nerve supply to the hindleg circulation appears to cause a marked dilatation of AVA's with little effect on capillaries. If the LDF only measures flow in the superficial capillaries and subpapillary vessels in the finger, these findings could explain the higher rate of increase in finger blood flow measured by venous occlusion plethysmography during indirect body warming in the present study. An accurate estimation of the penetration depth of laser light is difficult. However, the theory of multiple scattering suggests that the average depth of penetration of light is the same order as its lateral spread (STERN et al., 1977) . Since the measuring volume of the PERIFLUX PF-ld was a hemisphere at a radius of about 1 mm (NILSSON et al., 1980) , the penetration depth of laser light was not more than 1 mm from the skin surface in this study. Moreover, NILSSON et al. (1980) estimated in fluid model studies that the maximal sensitivity of the PERIFLUX PF-1 was attained at a distance of about 0.6 mm from the tissue surface. At distances beyond 0.6 mm from the surface, the sensitivity decreased in an exponential manner. In the glabrous side of the finger, the epidermal layer often reaches a thickness of 0.2-0.4 mm, and under this layer the skin is supplied with capillaries arising from the papillae of the cornium and returning to the subpapillary venous plexus. The length of the capillary loop is also 0.2-0.4 mm. On the other hand, AVA's arise from arteries and arterioles up to 0.1 mm in diameter and situated in the deeper layers of the skin at about the same depth as the sweat glands (GRANT and BLAND, 1931; NELMS, 1963) . Therefore, it can be assumed that blood flow through the finger AVA's was measured to a less extent with the PERIFLUX PF-ld.
When the laser-probe was fixed on the very tip of the finger, the laser output fluctuated to a greater extent. For this reason we have selected the second phalanx as the measuring site for LDF. HASSAN et al. (1986) measured blood flow in the big toe with a similar laser Doppler flowmeter (PERIFLUX model MK VII), and concluded that the laser Doppler flowmetry picked up at least part of the slightly deeper shunt flow element. A similar conclusion was made in the finger tip blood flow measured with the PERIFLUX PF-1 (SVENSSON et al., 1983) . However, this does not affect our conclusion for the present experiment. RICHARDSON et al. (1986) have observed that the finger vasoconstrictor response during the onset of leg exercise is not reflected in the nailfold capillaries. The maintenance of a relatively stable nailfold capillary flow during reductions of the finger arterial flow would point to a redistribution of flow within the digital circulation. The mechanism to account for such an effect would be reflexive changes in the AVA flow. This would also be the case in the present study. The reflex activity of the vasomotor nerves directed to the AVA's would have the effect of changing total finger blood flow more than capillary flow.
Since 
